Abstract Hyperbaric oxygen (HBO) is thought to confer protection to cells via a cellular response to free radicals. This process may involve increased expression of heat shock proteins, in particular the highly inducible heat shock protein 72 (Hsp72). Healthy male volunteers (n=16) were subjected to HBO for 1 h at 2.8 ATA. Inducible Hsp72 expression was measured by flow cytometry pre-, post-and 4 h-post HBO. Peripheral blood mononuclear cells (PBMC) were isolated from whole blood via density centrifugation pre-, post-and 4 h post-HBO. PBMC were then subjected to an in vitro heat shock at 40°C or hypoxia at 37°C (5% O 2 ) with a control at 37°C. Cells were then analysed for Hsp72 expression by flow cytometry. Monocytes showed no significant changes in Hsp72 expression following HBO. No detectable Hsp72 was seen in lymphocytes or neutrophils. Following in vitro hypoxic exposure, a significant increase in Hsp72 expression was observed in monocytes isolated immediately post-(p=0.006) and 4 h post-HBO (p=0.010) in comparison to control values. HBO does not induce Hsp72 expression in PBMC. The reported benefits of HBO in terms of pre-conditioning are not due to inducement of Hsp72 expression in circulating blood cells, but may involve an enhancement of the stress response.
Introduction
Hyperbaric oxygen (HBO) is thought to confer cellular protection via a stress response linked to free radical generation in vivo (Thom 2009 ). This response may include inducing increased heat shock protein expression (Dennog et al. 1999; Thom 2009) . We have previously shown HBO prior to cardiac surgery confers protection against neurosequelae ( Alex et al. 2005 ) and improves outcome measures (Yogaratnam et al. 2007 ) following surgery. It was proposed that protection against ischemia-reperfusion injury involves phenotype changes of circulating blood cells and the endothelium (Yogaratnam et al. 2007 ). Most studies have focused on HBO in disease and despite studies demonstrating potential beneficial clinical effects (Alex et al. 2005; Roeckl-Wiedmann et al. 2005; Yogaratnam et al. 2007) , the mechanism of HBO treatment at a cellular and biochemical level remains to be elucidated. However, HBO preconditioning results in increased oxygen dissolving in the plasma and improves the elasticity of red blood cells, enabling them to reach ischemic tissues (Mathieu et al. 1984) . This can result in enhanced tissue oxygenation and increased metabolism and has led to studies involving the potential use of HBO in cerebral ischemic disease and their sequelae (Clifton 1995; Veltkamp and Tooke 1997) , myocardial ischemia and infarct size reduction (Shandling et al. 1997; Thomas et al. 1990) , and improvement of myocardial function (Dekleva et al. 2004) . Hyperbaric oxygen has been demonstrated to increase reactive oxygen species (ROS) generation (Benedetti et al. 2004; Conconi et al. 2003; Gregorevic et al. 2001 ) and these may play a role in inducing expression of cellularly protective heat shock proteins (Hsp; Dennog et al. 1999; Rothfuss et al. 2001) . The intracellular concentration of Hsp has been demonstrated to be closely correlated to antioxidant enzyme activity under conditions of oxidative stress, suggesting that Hsp are induced by an increase in ROS (Currie et al. 1988; Mocanu et al. 1993 ) to attenuate ROS-dependent cellular and tissue damage.
Hsp are ubiquitous and perform an essential cellular function, the chaperoning of nascent proteins, preventing them from degradation (Bukau and Horwich 1998) . Inducible Hsp72 is a member of the highly conserved Hsp70 family of proteins and is well characterised (Madden et al. 2008 ). Hsp72 has a role in re-folding damaged proteins, inhibiting protein aggregation and translocation of proteins (Kregel 2002 ). Hsp72 expression is increased markedly in response to heat shock and has shown to be protective against subsequent stresses such as heat (Locke and Noble 1995; Vince et al. 2010) , hypoxia (Patel et al. 1995) and oxidative stress (Kukreja et al. 1994) . Monocytes have been demonstrated to be the most sensitive blood cell for Hsp72 expression analysis (Bachelet et al. 1998; Sandstrom et al. 2009; Vince et al. 2010) .
The aim of this study was to investigate whether the mechanism of HBO preconditioning involves inducing Hsp72 expression within circulating peripheral blood mononuclear cells (PBMC) and whether any protection against a subsequent in vitro applied stress was conferred.
Methods

Ethical approval
Healthy male volunteers (n=16, 18-36 years) participated in this study. The University's Department of Sport, Health and Exercise Science ethical committee granted approval for the study and written informed consent was gained. All subjects were treated in accordance with the Declaration of Helsinki.
Hyperbaric oxygenation
Volunteers, in groups of five or six breathed 100% oxygen for 1 h at 2.8 ATA. This consisted of 20 min oxygen followed by 5 min air, by two cycles. Subjects were fasting on the day of the study and refrained from caffeine intake, HBO exposure began at 12 pm. The study was spread over three consecutive weeks.
Blood sampling
Blood was drawn by venipuncture into potassium EDTA tubes (Greiner, Stonehouse, UK). Blood was taken immediately prior-and post-HBO and a further sample was taken 4 h-post HBO.
Inducible Hsp72 assay Inducible Hsp72 was measured by flow cytometry following blood sampling. Whole blood (100 μL) was incubated for 10 min with red cell lysing buffer (2 mL, Erythrolsye, AbD Serotec, UK). Cells were then fixed and permeabilised using commercial buffers (AbD Serotec, UK) and incubated for 30 min with 5 μL of either isotype matched negative control/ FITC (AbD Serotec, Oxford, UK) or anti-Hsp72/FITC (Assay Designs, Ann Arbor, MI, USA) to the same final concentration, as described previously ).
PBMC isolation
PBMC were isolated by density gradient centrifugation (lymphocyte separation medium, PAA, UK) according to manufacturers' instructions. Cells underwent controlled freezing to −80°C and were used within 24 h of isolation.
In vitro stress assay PBMC were defrosted on ice, washed with PBS (20 mL) and resuspended in RPMI1640 media (PAA, Yeovil, UK) supplemented with 10% (v/v) foetal calf serum (Biosera, UK). The assay was performed as previously detailed . Briefly, washed PBMC were divided into 500-μL aliquots and transferred to 4 mL sterile tubes (BD Biosciences, UK) one was placed within a hypoxic incubator (5% O 2 , 5% CO 2 , nitrogen balance, BOC speciality gases, UK) at 37°C for 90 min. A further aliquot was placed in a normoxic (5% CO 2 , air balance) incubator at 37°C for 90 min and a final aliquot placed in a heating block at 40°C (± 0.1°C) for 90 min.
Flow cytometry analysis
Samples were analysed on BDFACSCalibur (Becton Dickinson, Oxford, UK) running CELLQuest software and 20,000 events were counted. Monocytes were gated according to their scatter properties and Hsp72 expression determined by mean fluorescence intensity of samples incubated with the anti-Hsp72 antibody relative to that of the negative control, thus accounting for any differences in autofluorescence between and within subjects. Therefore, a value of 1 indicates no increase over that of the negative control.
Cell viability A subset of samples (n=6) were analysed for viability post in vitro assay conditions, by flow cytometry, using an Annexin V apoptosis detection kit (BD Biosciences, UK) in accordance with manufacturers' instructions.
Statistical analyses
All statistical analyses were completed using PASW statistics 18 (SPSS Inc., Chicago, IL, USA). The effects of condition (live, control, heat and hypoxia) and time (pre-HBO, immediately post-HBO, and 4 h post-HBO) on Hsp72 expression were analysed using linear mixed models. Condition and time were treated as fixed repeated measures effects and subject as a random effect. Pair-wise comparisons were obtained in the event of a significant F ratio. Associations between Hsp72 in the control and hypoxia conditions were investigated using the Pearson correlation coefficient. The family-wise type 1 error rate was controlled using Sidak-adjusted p values. Twotailed statistical significance was accepted as p<0.05.
Results
Hsp72 live assay
There were no significant changes observed in monocyte Hsp72 expression following HBO exposure. Pre-exposure the mean fluorescence intensity of monocytes labelled with anti-Hsp72 was 1.17±0.24, immediately post-exposure the value was 1.20±0.24 and 4 h post-HBO this had reduced non-significantly to 1.09±0.20.
In vitro stimulation assay
There were no significant changes in mean Hsp72 across time in the control (37°C) or heat (40°C) conditions, although an increase in Hsp72 expression after heat shock was observed in comparison to the control which was greater post-HBO (Fig. 1) . In the hypoxia condition, Hsp72 increased by 24% from pre-HBO exposure to immediately post-exposure (p=0.006) and was significantly elevated 4 h post-HBO (p = 0.010) when compared to the control response. The amount of Hsp72 in response to hypoxia post-HBO was not significantly different between samples isolated immediately post-HBO or 4 h post-HBO.
The Hsp72 in the control condition was positively correlated with that in the heat condition pre-HBO exposure (r=0.65, p=0.033). A similar relationship was also observed between the control and hypoxia conditions post-HBO exposure (r=0.64, p=0.021).
Across all time points, the hypoxic insult was seen to generate a significantly (p<0.001) increased expression (mean 18±6%) of Hsp72 when compared to the heat shock insult. Cell viability was assessed across in vitro conditions and time on six subjects and no significant differences were observed (overall mean viability 70.4±11.9%). A lower viability was noted 4 h post-HBO across all conditions (60.8±9.4%), however this was non-significant (p=0.20).
Discussion
No increased expression of Hsp72 was observed in PBMC following HBO in a healthy male population. Furthermore, no protection against a subsequent hypoxic stress was observed in isolated PBMC after a single session of HBO, as seen by the increases in Hsp72 expression after the applied stress. Hsp72 is rapidly induced and can remain elevated for a number of hours post-stressor (Locke and Noble 1995) . Exposure of isolated PBMC to hypoxia resulted in a significantly increased expression of Hsp72 in samples taken post-HBO when compared to PBMC isolated prior to HBO. Therefore, the applied stress post-HBO appeared to result in an enhanced Hsp72 response to hypoxia, which may be beneficial. We have recently shown that a single HBO exposure was sufficient to increase NFκBp50 expression within nuclei of human peripheral blood mononuclear cells (Madden et al. 2010a) , suggesting that physiological changes within monocytes may be induced by HBO.
A recent study demonstrated significant increases in tissue oxygen saturation during HBO although saturation did not reach 100% and returned to baseline values within 2 min of cessation of treatment (Larsson et al. 2010) . Any increase in oxygen within the circulation comes from the increased alveolar partial pressure of oxygen during HBO exposure (Weaver et al. 2009 ) and no changes in rates of oxygen delivery and consumption have been reported after HBO (Weaver et al. 2009 ). Therefore, one could reasonably argue that HBO does not induce a significant stress response within the blood cell population. We have demonstrated previously that any heat stress response is inversely proportional to the amount of Hsp72 already present within the cell at the time of the stress . A correlation previously reported between the heat shock response after 90 min incubation at 37°C and 40°C with no intervention ) was again observed here prior to HBO. Post-HBO this relationship was not significantly correlated, suggesting an alteration of the stress response may occur after HBO. However, the hypoxic exposure was seen to significantly elevate Hsp72 levels after a single session of HBO, which may suggest that a hypoxic insult is the stronger stressor. This hypothesis is supported by previous findings where hypoxia in vivo was shown to result in a time-dependent increase in baseline Hsp72 over seven consecutive days (Taylor et al. 2010) .
HBO preconditioning strategies are used primarily to oxygenate soft tissues (Larsson et al. 2010) and usually involve comparison between randomised groups. Any changes in heat shock expression that have been previously determined have taken place after surgery and the consensus is that higher amounts of Hsp72 are protective (Madden et al. 2008 ). Data presented here shows that post-HBO there is no change in monocyte expressed Hsp72, however a subsequent hypoxic stress may result in an enhanced stress response, resulting in higher amounts of Hsp72 being produced. If the subsequent hypoxic stress involved was, for example caused by surgical intervention then enhanced Hsp72 expression may prove beneficial.
The cellular response to HBO is not fully characterised. It is presumed an oxidative stress resulting in free radical generation should result in Hsp expression (Yogaratnam et al. 2007) , however the present study demonstrates no inducement of Hsp72 expression within PBMC following a single HBO exposure in healthy males. One previous human study (Dennog et al. 1999) found that the relative concentration of Hsp72 was significantly induced in the lymphocytes of human subjects after a single treatment with HBO. However, this increase was noted after 24 h and it is unclear how the Hsp72 was accurately determined in the four people tested. The wide range of antioxidants also tested in the study showed no significant changes in concentration or antioxidant capacity 24 h after a single HBO session. We have also previously observed no changes in serum thiobarbituric reactive substances, a measure of lipid peroxidation, following HBO in a previous study (Vince et al. 2009 ). In the present study, Hsp72 was determined twice in a four-hour period (a total of 32 measurements) following HBO exposure and showed no change. This data coupled with the previous antioxidant study does suggest that a single 1 h HBO session does not cause a significant homeostatic shift within the circulation, although molecular adaptations may occur (Rothfuss et al. 2001) . A study on human lymphocytes showed that Hsp72 expression was increased following an in vitro oxygen stress (Shinkai et al. 2004 ). The Jurkat human T-cell line (Oh et al. 2005 ) and a mouse neuroblastoma cell line (Shyu et al. 2004 ) have also been shown to produce Hsp72 in response to HBO exposure.
The endothelium is sensitive to oxidative stress and perhaps HBO-mediated cellular protection may be conferred here as the primary barrier between the blood and surrounding tissues. Our previous studies support this hypothesis, showing HBO-mediated endothelial protection prior to cardiac surgery in patients (Alex et al. 2005; Yogaratnam et al. 2007 ) and an improvement in reactive hyperaemia following HBO in healthy subjects (Madden et al. 2010b ).
In conclusion, HBO in healthy male subjects does not cause an increase in inducible Hsp72 within circulating PBMC although the stress response may be enhanced following a subsequent stress. It seems therefore that the protective effects of HBO are therefore more likely seen within tissues and this is where further work is required.
